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a b s t r a c t
Ingots of an oxide dispersion strengthened reduced activation ferritic steel with the
Fe–14Cr–2W–0.3Ti–0.3Y2O3 chemical composition (in wt.%) were synthesized by mechanical alloying
of elemental powders with 0.3wt.% Y2O3 particles in a planetary ball mill, in a hydrogen atmosphere,
and compacted by either hot extrusion or hot isostatic pressing. The microstructures of the obtained
materials were characterized by means of light microscopy, transmission electron microscopy and
chemical analyses. The mechanical properties were evaluated by means of Vickers microhardness
measurements and tensile tests. It was found that the microstructure of both materials is composed of
ferritic grains having a submicron size and containing nanometric Y–Ti–O oxide particles with a mean
size of about 10nm, uniformly distributed in the matrix. The oxide particles in the hot extruded steel
were identiﬁed as YTiO3 phase. In larger (>10nm) oxide particles Cr was found next to Ti, Y and O. The
steel produced by hot extrusion exhibits much higher tensile strength and hardness at low to moderate
temperatures, as compared to the steel fabricated by hot isostatic pressing, which was mainly attributed
to smaller pores but also to more severe work hardening in the case of the hot extruded steel.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Numerous international research programs aiming at the devel-
opment of reduced activation steels for fusion reactor applications
point at nano-structured, ferritic, oxide dispersion strengthened
(ODS) alloys as promising structural materials with respect to their
improvedradiation resistanceaswell ashigh-temperature strength
and creep resistance in comparison with the un-reinforced ferritic
or ferritic/martensitic steels [1–4].
Reduced activation ODS ferritic steels contain the following
elements in an iron matrix: chromium (∼9–14%) which provides
stability of the ferritic structure, causes solid solution hardening
and corrosion resistance, tungsten which contributes to solid solu-
tion hardening and improves the thermal stability of the alloy,
and small amounts (∼0.3%) of titanium and yttrium forming nano-
oxides which improve the steel resistance to creep, fatigue and
radiation damage.
The production of nano-structured ODS ferritic steels usu-
ally involves powder metallurgical methods including mechanical
alloying and subsequent powder compaction using either hot
extrusion (HE) [1] or hot isostatic pressing (HIP) [5,6]. HIP usually
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yields a more isotropic microstructure but a lower ductility and
fracture toughness as compared to the materials produced by HE
[7].
In this work, two reduced activation ODS ferritic steels fabri-
cated by mechanical alloying followed by either HE or HIP were
investigated in order to assess the inﬂuence of each consolida-
tion method on the microstructure and mechanical properties of
the obtained ingots. For the ﬁrst time, the size and morphology
of microstructure elements such as pores, grains and oxide nano-
particles alongwithmechanical propertieswere compared for 14Cr
ODS ferritic steels after HE and HIP.
2. Experimental
Elemental powders of Fe (99.95%), 14% Cr (99.5%), 2% W, 0.3% Ti
and 0.3% Y2O3 (in wt.%) were milled in a planetary ball mill, in a
hydrogen atmosphere, using the conditions reported in [8]. A ﬁrst
batch (500g) of as-milled powder was encapsulated in a soft steel
can, degassed at 400 ◦C for 2h and, after a preheating for 1h at
1100 ◦C, hot extruded through a round channel (∅ 20mm) using a
500 t press. A second batch (200g) of the same powder was, after
canning and degassing, subjected to HIP by applying an Ar pressure
of 200MPa for 4h at 1150 ◦C. Subsequently, the consolidated ingots
were subjected to a heat treatment in vacuum for 1h at 850 ◦C
followed by furnace cooling.
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The microstructures of the compacted steels were investigated
usinga transmissionelectronmicroscope (TEM), JEOL-2010withan
energy dispersive X-ray spectroscopy (EDS) detector for chemical
analyses and a lightmicroscope (Zeiss) formetallographic analyses.
The TEM lamellae were prepared using a TENUPOL (Struers) elec-
tropolishing unit. The microhardness of the steels was measured at
room temperature using a Vickers tester. Tensile tests were carried
out onﬂat samples (18mm×3mm×0.5mm)using a Zwick testing
machine equipped with a furnace enabling heating the samples up
to 1000 ◦C in an Ar ﬂow. Tensile tests were performed at various
temperatures between room temperature and 750 ◦C.
3. Results and discussion
3.1. Microstructure characterization
3.1.1. Light microscopy
Light microscopy enabled a comparison of general microstruc-
tures of the two 14Cr–2W–0.3Ti–0.3Y2O3 ODS steel ingots
produced by either HE or HIP. Fig. 1(a and b) shows as-polished
surfaces of the two steels. Micropores with a size in the range
of 0.04–1m are visible, as conﬁrmed by the images at differ-
ent polarization angles shown in Fig. 1(c). The micropores which
remained after consolidation of mechanically alloyed powders
occupya similar area fraction inboth steels but areonaverage twice
larger in the case of the HIP steel (0.42m), as compared to the HE
steel (0.26m), as determined from image analysis. Although the
porosity deterioratesmaterialsmechanical properties and could be
reduced by applying additional thermo-mechanical treatments, for
instance, this issue was not addressed in the present study.
3.1.2. Transmission electron microscopy
TEMobservations of the two investigatedmaterials showed that
they are composed of submicron equiaxed grains of ferritic iron,
as can be seen in Fig. 2. The bcc structure of -Fe was conﬁrmed
by selected area electron diffraction (SAED) patterns (see inserts
in Fig. 2). The mean grain size was measured from TEM images,
Fig. 2(a–c) was found equal to 39nm and 78nm in the transverse
Fig. 1. Unﬁltered LM images of (a) HE and (b) HIP steels, and (c) LM images of the
HE steel at different polarization angles.
Fig. 2. TEM images of theHE steel in (a) the transverse, (b) the longitudinal direction
(extrusion), and (c) of the HIP steel. SAED patterns refer to [113] and [023] zone
axes of -Fe grains in HE and HIP steel, respectively.
and longitudinal (extrusion) direction, respectively, in the case of
the HE steel. In the case of the HIP steel, the mean grain diameter
was found equal to about 80nm. However, the shape of the grains
was found similar in both investigated materials. The circularity
factor is on average between 0.50 for the HIP steel and 0.54–0.58
for the HE steel, conﬁrming the presence of fairly equiaxed grains
structure in the latter, which is atypical for HE steels [7].
TEM dark-ﬁled images at higher magniﬁcations in Fig. 3(a and
b) showed the presence of nanoparticles having a size in the range
∼1–100nm in both investigated steels. The nanoparticles have a
mean diameter of about 8nm in the HE steel and 4nm in the HIP
steel. The number density of nanoparticles was estimated using
thickness fringes in dark ﬁeld TEM images, High number densities
of 17.4×1023 m−3 and 9.3×1023 m−3 were measured in the case
of the HE steel and the HIP steel, respectively.
High resolution TEM images in Fig. 4 showed that the nanopar-
ticles have diameter of about 10nm and spherical or faceted shape.
Assumingdissolutionof yttria in ironuponmechanical alloying, the
HEorHIPprocess temperature should enablediffusionof yttrium in
iron during the consolidation process, even though the compaction
temperature was far below the yttria melting point. Thus, the size
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Fig. 3. Dark ﬁeld TEM images of oxide particles in the ODS ferritic steel after (a) HE
and (b) HIP.
and shape of nanoparticles can change upon powder consolidation
via surface diffusion processes.
Distances between the interatomic layers estimated by using
Fourier transform were of 0.76 and 1.1±0.05nm for the oxide par-
ticles in both investigated materials. This distances correspond to
characteristic distances between, respectively: {001} and {110}
planes in YTiO3 phase having an orthorhombic structure (Pnma
space group) [9]. However, in order to conﬁrm the YxTiyOz particles
composition and structure, a more detailed analysis is needed.
3.1.3. Energy dispersive X-ray spectroscopy
EDSmaps shown in Fig. 5(a andb)wereobtainedusing the STEM
unit of the TEM, with a focus on identifying the chemical elements
present in the nanoparticles, in the case of both investigated steels.
Titanium, yttrium and also chromium were found next to oxygen
in particles having a size in the range 30–50nm in the HE steel and
in slightly larger particles, with a size in the range 50–100nm, in
the HIP steel, revealing the formation of complex oxides in both
materials. Tungsten was found uniformly distributed in the matrix
and not related to tungsten carbide formation.
Regarding the small weight percent of yttrium in the ODS steels,
its presence in nano-sized oxides smaller than 10nm was not pos-
sible to verify on the basis of EDS maps.
3.2. Tensile and microhardness tests
The two investigatedmaterials exhibit different ultimate tensile
strength (UTS) and uniform elongation (εu) behaviors versus test
temperature. The results plotted in Fig. 6 show that theHE steel has
Fig. 4. Bright ﬁeld TEM images of nano-particles in (a) HE and (b) HIP steel with
indicated interatomic layer spacing found from Fourier transform.
Fig. 5. STEM images and EDS maps for the ODS ferritic steels produced by (a) HE
and (b) HIP.
a much higher UTS at room temperature (∼2500MPa) than the HIP
steel (∼900MPa). The UTS value of both materials decreases with
increasing test temperature. At 750 ◦C both steels exhibit a similar
UTS of about 250MPa. The εu of the HE steel increases continu-
ously from about 3% at room temperature to about 7.8% at 750 ◦C.
Whereas the εu of the HIP steel increases from about 6% at room
temperature up to about 10.5% at 300 ◦C and then deceases down
to about 4.2% at 750 ◦C. Note that presence of Y–Ti–O particles does
not prevent an important loss of strength to take place between
500 and 600 ◦C, whatever the strength value at room temperature.
Results of hardness tests showed that the HE steel exhibits a
signiﬁcantly higher HV0.1 value of 936±22 at room temperature
than the HIP steel (HV0.1 = 414±9), in agreement with results of
tensile tests.
The very high tensile strength andmicrohardness of theHE steel
can be related to the mechanism of powder compaction in which
very high pressures are exerted on the powder particles, yielding
the formation of a high density of structural defects and strong
work hardening. In addition, the higher density of nanoparticles
evidenced in the HE steel might also contribute to the much higher
strength values measured for the HE steel at low to moderate tem-
Fig. 6. UTS and εu versus test temperature for the ODS ferritic steels after HE or HIP.
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peratures. The strong decrease in UTS, associated with an increase
in εu, observed for the HE steel might be attributed to temperature
controlled recovery mechanisms which facilitate plastic ﬂow.
4. Conclusions
The two investigated 14Cr ODS ferritic steels, manufactured
by mechanical alloying followed by either HE or HIP, display
signiﬁcant differences in their microstructures and mechanical
properties.
Both materials contain fairly equiaxed grains having a mean
diameter in the range of 40–80nm and a high number density of
nano-sized oxide particles. The grains elongation is not substan-
tially higher in the HE steel. In both materials, the larger oxides
appear enriched with Cr, Ti and Y, as revealed by EDS analyses.
High-resolution TEM showed the presence of about 10nm YTiO3
oxides in the HE steel. However, the formation of other types of
Y–Ti–O oxides is not excluded.
The HE steel exhibits a higher tensile strength at low to moder-
ate temperatures than theHIP steel, in relationwith theHEprocess,
yielding a deformedmicrostructure and importantwork hardening
effects, and also the presence of a higher number density of nano-
sized oxides. At higher temperatures, although both steels have a
similar tensile strength, the HE steel shows higher uniform elon-
gation, which could indicate a more pronounced tendency of the
microstructure to recovery mechanisms, enhancing plastic ﬂow.
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